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Description of Research

During the period reported herein, essentially all of the work
has been completed concerning "Excitation in Low-Energy He+ - He Collisions"

and "Spectral Distribution of the Two-Photon Emission from the 2 23

1/2
State of Hé+." Published reports of this work are attached as Appendixes
A and C, respectively. Work on the negative helium ion and on the precise

measurement of the metastable lifetime of the 25 state of He+ is continuing.

More explicit descriptions follow,

I. EXCITATION IN LOW-ENERGY HE+ - HE COLLISIONS

An experimental study of excitation of He I states in low-energy
He+ - He collisions was undertaken in the energy range from 5 keV down to
the energy conservation thresholds. Excitation of particular He I states
was observed with the use of single~photon counting techniques. The results
include the observation of large low-energy cross sections, the measurement
of the particular excitation thresholds which are found to lie above the
energy conservation threshold, the observation of large-scale oscillatory
structure in the excitation functions as the He+ ion energy is varied, and
a study of the velocity dependence of this structure. These results cannot
be understood in terms of the simple application of the Massey Adiabatic
Criterion. A molecular model proposed by W. Lichten does explain many of
the observed phenomena but does not predict any oscillatory structure. Recent
theoretical work by Rosenthal and Foley, which takes into account the multiple
pseudocrossings among the various associated molecular curves, has led to a
qualitative undexstanding of almost all of the observed phenomena.

We include in Appendix A the published reports discussing this

work.



ITI. LIFETIMES AND FINE STRUCTIURE OF. METASTABLE AUTOILONIZING STATES OF THE
NEGATIVE HELIUM ION

By time-of-flight techniques in an axial magnetic field, we have stud-
ied the negative ion of He4 in the metastable autoionizing (lsZs?.p)APJ states.

In the experiment, a beam of He was prepared from a Hé+ beam by
double charge exchange. A 3000-eV He+ beam was extracted from an 80-MHz rf
discharge and passed through a potassium vapor where one collision produces He*
and a second collision produces the desired He state. The charge components
of the beam were electrostatically separated, and the negative beam was directed
into‘a 10-meter drift tube, where it was decelerated to a typical energy of 100
eV. The metastable current was detected by a Faraday cup, movable fhe entire
length of the drift tube. A 20-volt retarding potential was applied to a high-
transparency grid placed across the entrance of the detector. This excludes
from the detector the electrons spontaneously produced in the beam by autoioniza-
tion, so that the current received by the Faraday cup is due to He alone., Mag-
netic quenching of the metastable signal was observed at fields as low as 400 ‘
gauss. Approximate lifetimes of 500, 10, and 16 microseconds were obtained for
the J = 5/2, 3/2, and 1/2 states, respectively. In addition, the 4Psl2 _4

fine-structure interval has been estimated to be 0.036 * 0.009 cm.'1 from the

F3/2
magnetic quenching data between 350 and 1400 gauss. Quenching of the metastable
beam by residual gas in the drift tube was also observed. The quoted lifetimes
against autoionization are extrapolations to zero pressure.

We are at present considering the feasibility of a very high precision
measurement of radio~frequency and microwave resonances that would be of con-
siderable theoretical interest. Our investigations indicate that the differen-
tial metaétability and magnetic quenching of the 4PJ states of He could be ex=
ploited to build a practical source of polarized H33 nuclei.

Reprints of two articles describing this work are included in Appendix B.



IIT. ‘SPECTRAL DISTRIBUTION OF THE TWO-PHOTON EMISSION FROM THE 2 231/2
STATE OF HE+

Completed in the spring of 1969 was an experimental verification
of the spectral distribution of the two~photon emission from the metastable
2 281/2 state of He+. A broadband spectroscopic coincidence counting tech-
nique was employed. The spectral distribution of the two-photon decay of
metastable He+ was studied by observing the coincidences between a "hard"
uv phototube (sensitive from 200 to 1200 Z) and a "soft" uv phototube (sen~
sitive from 1050 to 3500 Z) preceded by various broadband filters. Two-
photon coincidence counting rates were observed experimentally and agree
with those calculated from the theoretically predicted spectral distribu-
tion of the two-photon emission. Furthermore, the theoretically null "soft' -
Ysoft" coincidence counting rate was shown to be less thap 0.04 counts per
minute. This is a factor of 150 smaller than either the 'hard" - '"hard"
or '"hard" ~ "soft" coincidence counting rate, each of which is typically
six counts per minute. In addition, radiation due to the impact of low-
energy metastable singly ionized helium on helium and on the other rare
gases was detected. This is the first experimental study of very low-energy
ion-atom excitation processes where one of the collision partners is initially
in an excited state.

In Appendix C we include a reprint of our publication of these

results.
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IV. TWO-PHOION DECAY OF THE 2 "S STATE OF HE+

1/2

Upon completion of the photon coincidence observations, the ex~
periment to observe the decay in flight of metastable helium ions was re-
sumed, Construction of the experimental apparatus for the precise measure-
ment of the metastable lifetime is nearing completion.

A beam of He+ ions in the 28 state is produced by electron bom—-
bardment. We have improved the excitation source through the use of helium
gas of extremely high purity (contamination less than 1 part in 106) and
the replacement of the original oxide-coated cathode by a porous tungsten
dispenser cathode.

Detection of the 2S ions is accomplished by the use of a éurface
Auger detector in conjunction with modulation of the beam at the Lamb-shift
frequency (14 GHz). The detector records a signal due to the differential
secondary electron emission between the 1S and 28 states. A solid-state
square~wave modulator operating at low frequency has been constructed for
the control of a klystron tuned to the Lamb-shift frequency. The klystron
is coupled to a microwave cavity through which the helium ion beam passes
and in which the 28 component of the beam is quenched to the ground state.

The ac signal corresponding to 28 quenching has been observed.
Tﬁe detector used in these tests was mounted in a fixed position, separated
from the excitation source by a system of electrostatic lenses., After ampli-
fication by a varactor bridge operational amplifier, the ac signal is fed into
a lock-in amplifier. The output from the lock—~in amplifier is plotted on the
accompanying graph as a function of source bombarding voltage. It shows clearly
the 65-eV threshold for the production of metastable ions. The signal inten-
sity indiéates that metastables constitute nearly 1% of the total beam; the

remainder are ground-state ions.
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The theoretically predicted lifetime of the 25 state is 2 X 10.-3

seconds. With a beam veloéity of the order of 106 cm/sec, a drift tube
séveral meters in length is necessary for a precise measurement of the life-
time. For this purpose a stainless—steel drift tube, 24 cm in diameter and
9 meters in length, was constructed and is awaiting installation. A
gate valve inserted between the source and the drift tube permits the source
cathode to be replaced without the loss of vacuum in the drift tube. By mov-
ing the detector along the beam, the decay of the 28 state will be observed,
The tramsport mechanism for the detector is nearing completion in our shops.
it consists of a platform sliding on stainless-steel rails and driven by an
externally powered chain-and-sprocket drive.

We hope to complete the major construction of the apparatus within
two months and to obtain a preliminary measurement of the 28 lifetime later

this winter.
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The total cross section has been observed for the 584-A
(ZlPullS) line in low-energy He' - He collisions (50 eV -~ 2500 eV).
Previously the 10,830~§ (23P—23S) He line was observed in the
same energy region.1 The observed excitation functions (Figs. 1
and 2) do not exhibit any oscillatory structure. Previously
reported dat_a2 for the excitation of lines originating in the
n =3, 4, and 5 states of He showed many instances of strong
oscillatory structure., The present and previously reported data
will be compared with existing differential cross-section data

3

for excitation of the 278 state of He with 600 eV He+ ions.4

These data exhibit strong oscillatory structure as a function of
scattering angle. The presence or absence of structure in these
differential and total inelastic cross-section data can be ex--
plained in terms of molecular éotential-energy curve crossings,

The previously invoked model,zaé

which contained one ground-
state crossing at R ~ 13, is sufficient to explain the structure
in the differential cross—seétion data. However, to understand
the absence or presence of structure in the total cross-section
data, one>muet invoke a recently proposed model which includes an

5
excited state crossing at R ~ 15k,
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The present work was undertaken as part of a continuing
efforﬁ to understand low-energy He' - He collisions in terms
of molecular potential-energy curves. In the case of the higher
excited states (n > 3), the multiplicity and proximity of levels
greatly complicates the problem and makes it difficult to assess
the validity of any theoretical model., However, the n = 2 levels
are well separated from the higher levels and are therefore more
amenable to critical theoretical analysis. A concerted effort
was therefore initiated to obtain excitation functions for the '
2p states of He.

Previous data for inelastic low~energy He' - He collisions
had been analyzed in terms of a single curve crossing which was
shown to exist at about RI = 14, At this value of internuclear
separation, the ground-state curve crosses a number of excited-
state curves. Such a crossing is responsible for the population
of various excited states at values of bombarding energy which
are very much lower than those predicted on the basis of a simple
application of the adiabatic criterion.

It was felt that structure observed in the various inelastic
He' -~ He collisions was due to coherent phase development when
R < RI' In this region the system evolves as a quantum mechanical
superposition of at least two possible states. Each develops
phase consistent with its energy. The phase difference thus ac-
‘quired yields an interference pheénomenon when the states mix
again during the second, outward bound passage of the crossing.
It has been shown that this phase difference is strongly dependent

on the impact parameter b and hence on scattering angle 8, While



this phenomenon is capable of furnishing an adequate explanation
of the oscillatory structure in the differential cross-section
data, it fails to explain the structure in the total cross-section
data. The strong b dependence of the acquired phase difference
results in no energy-dependent structure when one integrates cover
b to obtain the total cross section.

To explain the structure in the total cross-section data,
it has been suggested, and shown, that in addition to the inner
crossing, an outer crossing between two excited potential-energy
curves exists at R~ 7 ~ 155,5 The two excited states are ini-

tially populated at the inner crossing. When R, > R > RI’ each

0

excited state develops phase at a rate consistent with its energy.
A phase difference develops and inteference results at the outer
crossing R,. The phase difference in the final state interaction
is not strongly b dependent, and the structure persists in the
total cross sections. - The absence of strong b dependence implies
that the structure in the differential cross-section data is un-
affected by the outer crossing and is still explained in terms of
the inner crossing.

Whereas outer crossings between excited states exist for the

n =3, 4, 5, and higher levels, it has been shown theoretically
that no outer crossing exists for the excited 2P states. It was,
therefore, predicted that no oscillatory structure would be ob-
served in the excitation of the 2P states. This is, in fact,
borne out by the data presented here. While the outer crossing

is respdnsible for the oscillatory structure of the higher excite?

states (n > 3), in all cases the excitation threshold is determined



by the location of the inner crossing. This threshold has

been measured for the 103830—§ transition and is coﬁsistent with
the existent calculations. Low signal levels precluded the
measurement of the threshold for the 584-& transition.

Our apparatus includes a He' electron-bombardment source.6
An oxide-coated cathode vields an electron current of 500 mA or
greater. By maintaining the electron-bombarding voltage below |
55 eV, we can be sure of a pure ground-state He+ beam free of
metastable 2S5 ions,

Excitation is observed by single-photon counting of the
emitted light when the excited states decay. A suitable filter
was used to isolate the 10,830-A light, and this infrared radia-
tion was detected with an EMI S-1 phototube, cooled with liquid
nitrogen. The net signal was the difference between counts ob-
served with and without target gas in the chamber. By using a
standard lamp for intensity calibration and by observing the
338-23P and 33D—239 transitions, it was concluded that cascading
accounts for less than 10% of the 10,830~3 signal.

Observation of the 584~k transition presents considerably
more difficulty. Since no filters exist for 584-A radiatioﬁ,
we used a McPherson model 220 vacuum ultraviolet l-meter normal-
incidence grating spectrometer to isolate this line. The large
f number of this instrument reduces the signal considerably. We
used a platinum-coated grating blazed at 800~} to improve reflec-
tance. An EMI 9603 open-face multiplier was used as a detector.
Both the photomultiplier chamber and the vacuum chamber coupling
the spectrometer to the target chamber were evacuated with oil

diffusion pumps (see Fig. 5).



In an attempt to observe resonance transitions such as
the He I 584-A line, a careful analysis of the problem of
resonance trapping is required. In addition to reabsorption
of the resonant radiation, one must take into account the finite

lp.2ls) ana (2'p-1ls)

branching ratio {0.00l) between the (2
transition. If many reabsorptions occur, even this small ratio
will result in loss of 584-A radiation to the 20,581-3 transi-
tion. A simple calculation, however, shows that because of
momentum transfer in the excitation process, most of the 584~4
radiation is shifted sufficiently to prevent its absorption.
The result is that there are very few reabsorptions of the re-
sonance radiation. However, since the path length through the
spectrometer is 2 meters, and since the spectrometer is vacuum
coupled to the relatively high pressure of the target chamber,
a collodion window was added to separate the spectrometer and
target chambers. This avoids all trapping which might occur
during the passage of light through the spectrometer.

Two specific experimental tests were performed to insure
that there was no trapping. First, measurements of signal
versus pressure yielded a straight line, which is to be expected
only if trapping is negligible, Second, He3 was used as a
target particle, which provided an isoctope shift large enough
to prevent reabsorption of radiation emitted from a He4 atom.
No change in signal strength or energy dependence was observed
in these isotopic experiments, thereby confirming the absence

of trapping effects,



The 584-k data are shown in Fig. 1. There is a shoulder in
the 584-1 data at = 200 eV and a possible indication of a shoulder
at ~ 100 eV, Likewise there is a conspicuous shoulder in the
10,830~k data at =~ 110 eV (Fig. 2). If we interpret these
shoulders as arising from a weak oscillatory structure super-
imposed on a smooth excitation function, then we f£ind that the
584-A and 10,830~§ oscillations are in antiphase. It is suggested
that such oscillations may arise from the coherent excitation of

lP and 23P states. The background counting rate in the

T

the 2
584~k work was about 1/2 count/sec, while the signal was about
3 counts/sec at 1 keV.

The work presented here indicates that despite the cémplexity
involved in collisional cross sections, relatively simple models
serve surprisingly well to explain the existing data. In the
development of these models, the lower-lying states are of
greatest interest because of their isolation. Such results can
be more readily discussed theoretically, and the stimulation thus
provided can lead to a better understanding of more complicated

problems.
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Figure Captions

Figure 1l: Cross section for the 219-»213 transition vs

energy in the laboratory system.

Figure 2: Cross section for the 23P-233 transition vs

energy in the laboratory system.

Figure 3: Experimental apparatus for detection of 584~
radiation in low-energy He' - He collisions,

1) Source chamber; 2} He' source; 3) intermediate
pumping chamber with differential pumping slits
and electrostatic ion lenses; 4) mercury diffusion
pumps; 5) oil diffusion pumps; 6) spectrometer;
7) grating; 8) detector vacuum chamber; 9) photo-
multiplier; 10) beam detector; 1l) collodion film;
12) target chamber; 13) He™ beam; 14) path of

584-A radiation; 15) differential pumping chamber.
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ABSTRACT
New data on the excitation of helium by low-
energy helium jons have been obtained that provide
strong support for the post-collision-interaction
model proposed by Rosenthal and Foley in a companicn
paper. Certain details of the results that are not

presently predicted by the theory are pointed out,
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New experimental studies of low-~energy He+ -~ He total excitation
cross sections are presented that provide strong support for a post-
collision interaction model proposed by Rosenthal and Foley in a
companion paperl (hereafter referred to as the R-F model).

We previously reported the excitation of various neutral states
of He in low-energy He+ ~ He collisions.2 Two striking results of
these observations were the large value of the cross section at low
energies with thresholds slightly above the final state energies, and
the strong oscillatory dependence of the cross sections on projectile
energy. These phenomena were interpreted in terms of the molecular-
potential energy curves of the He; system. To understand the low-
energy excitation it was noted that, in the diabatic approximation,
the gerade ground term is repulsive and pseudocrosses all of the
excited state terms.3 These pseudocrossings occur at a value of inter-~

nuclear separation,R of about 1 a.u. In the course of collisions

I}
with small enough impact parameters, the internuciear separation
decreases and passes through RI- As the svstem passes through
the pseudocrossing, excitation occurs by the mechanisn discussed by
Landau, Zener, and Stuckelberg.4 This accounts fou the large cross
section at low energies. Since the thresholds occur slightly above
the final state enerdg. :s, they provide a diract measure of the
energy location of the pse.dacrossing.z In addition to other results
discussed here, we reponrt new precise values for these energien which
can be compared with specific molecular models.

Previously we proposed that the oscillatioms weré rproduced by an
interference effact which arcse from the double passage of the system

through the crossing at RI. However, it has now been shown (cf. R-F)



that any phase difference thus developed is strongly dependent on the
impact parameter b; conseqguently, the integration over impact parameters
reguired to obtain total cross sections averages out this interference
effezct, 8Such a phase difference might contribute to the oscillatiocns
reported in differential inelastic cross sections6 but cannot explain
the structure observed in the total cross-section data.

In the companion paper, Rosenthal and Foley show that in addition
to the crossing between the ground state and excited state curves at
RI’ other crossings between twe or more excited states exist at rela-
tively large values of internuclear separxation, Ro ~ 20 a.u. In this
model the excitation mechanism is essentially identical with that
previously considered and hence the large cross sections at low
energies, and the threshold energies, are explained as before. How-
ever, the oscillations are now considered to arise when two excited
states populated at RI develop a phase difference between RI and RO
before mixing again at RO. Since the resulting phase difference is
weakly "b"-dependent, it manifests itself in the form of oscillatory
structure in the total cross section. Rosenthal and Foley show that
their model correctly predicts the oscillatory structure in the excits-
tion functions of the 338 and 318 states, and, moreover, they predict
that these oscillations should be in antiphase as is in Ffact observed.2

New experiments whose results strongly substantiate the R-F model are

described in this paper.

Rosenthal and Foley find that in their modesl, outer crossings,
which can efficiently mix the excited state amplitudes, exist in the
n = 3, 4, and higher states but no% in the n = 2 states. Hence they
predict oscillatory structure in the n= 3 and higher excitation functions

but not in the n = 2 cross sactions. In our earliier work we observe’
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the n = 3, 4, and 5 levels and found strong oscillations. A new ex-
perimental study has now been made of the 584 -4 line (21P ~ }IS) and

10,830~k line (2%p - 2°

S} to test the predictions of the R-F madel.

The apparatus was essentially the same as that used earlier exvest that
in the case of the 10,830~ﬁ line a ligquid~nitrogen—cooled EMI No.

9684B phototube was used to detect the radiation, and the line was iso-
lated with an interference filter. Since no filter material exists fnr
the 584-} light, a McPherson Model 220 uv spectrometer was used to
isolate this line. The spectrometer viewed the bombarding chamber at
an angle of 90° relative to the beam, and the light, after passing
through the spectrometer, was detected with an EMT 9603 particle
multiplier. Although resonance trapping was initially considered

to be a serious problem for the 584~4 line, simple estimates indicate
that the transverse momentum transferred in the course of the collision
is sufficiently large so that no trapping occurs. The resulting Doppler
shift, at energies greater than 100 eV and for scattering angles
greater than 1°, is larger than the thermal Doppler width of the

line and little absorption occurs. The possibility of trapping is
further reduced by the fact that the collision region is viewed

over an angular region of at least x3° and therefore the component

of velocity in the direction of viewing is sufficiently large to

insure a Doppler shift greater than the thermal Doppler width. The
absence of trapping was tested experimentally by observing that the
pressure dependence of the signal was linear and by comparing the
signal for 3He+ - 4He and 4He+ - 4He collisions. Since the 3He - 4He
isotope shift is larger than the thermal Doppler width, any possible
trapping would be seriously modified by changing isotopes; yet no
difference in either signal strength or the form of the excitation

function was observed, confirming the absence of trapping.



The 2P excitation functions are shown in Fig. 1A. In accordance
with the R-F model and unlike the n = 3, 4, and 5 excitation func-
tions, no large-scale oscillatory structure is observed. Some small-
scale structure which does appear is discussed below. The fact,
noted above, that there is no significant difference between the
584-} excitation function for 4He+ *4He and 3He+ - 4He collisions
shows that nuclear symmetry is not important in these phenomena.

As mentioned previously, measurement of the excitation function
threshold gives an accurate value of the energy location of the inner
pseudocrossing.S Careful measurements were made of the signal near
the threshold for nine transitions. In extracting threshold values
from these data, a linear threshold law was assumed in accordance
with the observed steep nature of the onsets. In these experi-
ments two phototubes were used simultaneously, one with a 3888-}
filter and the other with a filter chosen to isolate the line
under study. In this way the thresholds could be obtained rela-
tive to the 3888-i threshold. This technigue was employed since
there was evidence that the true beam energy differed by one or
two eV from the applied potential. Such differences would be
expected to arise from contact potentials, space charge effects,
and surface charging. Since these effects may vary with time
and operating conditions, the compariscon method was employed so
as to obtain the best possible values for the difference in the
thresholds. It is estimated that the difrmriences were obtained
to £ 0.2 eV. The correction needed for obtaining the absolute
value of the 3888~k threshold was determined by measuring the

3He+ - 4He and 4He+ - 4He thresholds for this line and using



the fact that the center-of-mass threshold for these two collision
combinations should be identical. In this way the energy correction
at the time these data were taken and the absolute value of the
3888~} threshold were found to be -0.63 % 1.56 eV and 60.50 = 1.56 eV
respectively. The threshold values in the center-of-mass system and
energies of the final states of the free atom are given in Table I.
The displacement of the thresholds above the final state ener-
gies of the free atom indicates that the pseudocrossing at RIoccurs
above the final state energy. The observation of distinct thresholds
for two excited states which cross at a large value of internuclear

.
38, 3*8) allows us to make a gualitative

separation Ro (e.g., 3
statement concerning the transition probability at this outer
crossing at low energies., If the transition probability at this
crossing were large we would expect population of the upper state
at RO even though the energy were s¢ low that only the lower state
was populated at the inner crossing. This would result in identical
thresholds for both the states. The observation of distinct thresh-
olds for these two states indicates that at low velocities the
crossing at Ro is essentially adiabatic. We are thus free to inker-
pret the thresholds as a measure of the energy location of the
inner crossings.

We studied the velocity dependence of the oscillatory structuxe

3 4He in

cbserved in a number of excitaﬁion functions by using "He and
various collisional combinations. For a given energy these differ-
ent collisional combinations have different relative velocities.
Since we believe that the oscillations are due to a phase-

interference phenomenon, we scaled the cross sectionsz according
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to phase-development time by plotting the isctopic data for
excitation of a given state of He versus the relative velocity
at infinite internuclear separation, vi{=},

- 2E

vl =

L
P i

where u is the reduced mass of the svstem, E

C.l. i °

= | e (1)

i .

.!1/2 ~ 25 ~1/2
i
{
=i

and EC . are the

* L

L

energies in the laboratory and center-of-mass frame respectively,
and my is the mass of the projectile particle.

When the cross sections are scaled according to Eg. (1), the
high—-energy peaks overlap, in accordance wi:th the assumption of a
phase-interference efifect. The lack of overlap at low energies
{(Fig. 2A) is due to the difference between the true velocity and
v(=) in this energy domain. This difference arises from the effect
of the interatomic potential V(R) and the centrifugal barrier bz/Rz.
In considering bz/R2 we note that, for excitation to occur, b must
be less than RI' Yet in the R-F model, the region of relevant
phase development varies between internuclear separations of RI,
and RO, which is of the ordexr of 20 RI‘ Therefore, in this region

2 3

the value of bz/R lies between 1 and 4 x 10 ~. 1In view of this

we neglected the centrifugal barrier in scaling the oscillations
versus velocity. The effective velocity in the region of phase
development is then given by

/2

i / ; RN
2 SEZEIPI R (2)

VIR) = 1 \Fe.m.

Since in the model being considered the phase difference de-
velops in the final state, we may take the average interatomic

poetential energy (V(R)) equal to the final state energy E.. In



the case of the 438 level, the final state energy is about 23 eV
and this produces a substantial modification of the velocity at

low bombarding energy. The isotopic data are plotted in Fig. 2B
with the velocity given by Eg. (2) with {V{R)) = 23 eV. In this
plot the structure overlaps over the entire energy range in accord-
ance with the R-F model and the above discussion.

-
Fo

Two experimental results remain for which only tentative ex-

planations exist. 1In carefully studying the threshold behavior of
the various excitation functions, we find that additional structure
appears in the 4713~-L and the 3888-% line near threshold when the
4. 4. , , . .

He - He system is studied {(Fig., 1B). This structure does not
appear for other collisional combinations. The difference in
structure appearing in the isotopic data can be explained in terms
of the phase development time. As the energy decreases from the kV
range, and with it the velocity, more phase difference is developed
and more oscilliations appear. Near threshold the velocity in the
4~4 case reaches smaller values than that in the 4-3 case. There-
fore, near threshold, the 4-4 system spends more time developing
phase than the 4-3 system. The data indicate that enough additional

time is spent for one more oscillation to appear. In the case of

differential scattering experiments it is observed that the data

. . . . . . . . 3 3
obtained in collisions with identical isotopes, i.e., He - "He and
4 4 s s ‘. T :
He - He, exhibit more structure than in Luc case of the unsymmetric
. 3 4 - i o . . .
nuclear collisions “He - "He. This additional structure is attri-

buted to the effeats of pucisay symmetry. In the present case,

in oxder to rule out this possibility, we performed an experiment
3
3

. .. 3. . 3 . .. )
in which we used "He Long on "He. The results obtained in this

e



experiment did not show the additional structure seen in the
4He - 4He case, and we conclude that nuclear symmetry is not
responsible for the extra oscillation shown in Fig. 1B,

One additional unexplained experimental result involves the
shoulders obserxved near threshold in the 2P excitation functions
(Fig. 1A). 1If one interprets these features as low-amplitude
oscillations superimposed on a smooth excitation curve, then the
oscillations in the ZlP and 239 excitation functions are in apparent
antiphase. This result seems to indicate that some small mixing
occurs between these states although, as previously mentioned,
these states are not coupled through an outer crossing. No
theoretical interpretation of this result is as yet available,
However, we would like to suggest that this effect may result from
a residual interference effect arising at the inner crossing.

The results presented here have stimulated considerable efforts
to understand the detailed interactions occuring in low-energy ion-
atom collisions. The theory recently developed by Rosenthal and
Foley hag been remarkably successful in leading to an understanding
of those results. Some unanswered guestions remain, however, and
further theoretical efforts will be needed to answer them. It is clear
that the full elucidation of the detailed structure of the excitation
functions will provide a powerful test of our understanding of the
dynamics of the unbound molecular state formed durirs thessz in-
elastic conditions.

The authors are most indebted to Professor w.W, Smith and Dr. N.
Tolk for their extensive aid in obtaininc these resuits and in dis-

cussing their interpretation. We are also indebted to Dr. H. Foley

and Mr. H. Rosenthal for extensive discussions on thelir new
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theoretical model. This work would not have been possible without
the enthusiastic support ¢f the members of the Physics Department
Machine Shop and Electronics Shop.
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FIGURE CAPTIONS
Fig. 1. (A} Cross sections for the excitation of the 2P states of
He in He+ -~ He collisions. (B) Detailed threshold behavior of the
3888-4 excitation function for éﬁe+ - 4He and 3ﬁe+ - 4He collisions.,
Fig. 2. (A} Excitation cross section for the 4713-k He T line in
4 _ + 4

He =~ He and 4He+ - jHe collisions plotted versus relative velocity

at infinite internuclear separation, viw}. (B} Excitaric~n cross

. - P . . P 4 O & 3
section for the 47134 He I line ian Hax - "He and e -~ "He

collisions piotted versus relabtive velocity wn rha final state.



Table I, Thresholds for Excitation of Excited He I States

Threshold Absalute Difference between the

Relative to Threshold Threshold and Final State
State 33p (Lab.ev)? {c.m, eV)b Energies (c.m. eV)c
23p -7.30 26,60 5.64
3% -2.57 28.97 6.26
3ls -1.85 29.33 6.42
3lp ~0.40 30.05 6.98
3°p - 30.25 7.25
3% +0.10 30.30 7.23
3lp +1.80 31.15 8.07
4%s +1.87 31.18 7.59
53s +2.70 31.60 7.63

& hese energy differences are measured in the laboratory system and are believed to be
reliable to * 0.2 eV.
bThe energy of the 33P threshold is 60.50 % 1,56 eV (lab system). The other values in
this column {col.3) arxe obtained using the absolute 33P threshold and the values in col. 2.
Hence, the absolute values in col. 3 are reliable to * 0.78 eV (c.m. system). However, the
differences in the values in col. 3 are reliable to £ 0.10 {c.m.) as are those in col. 2
from which they are derived.

€as in col. 3, these values are reliable to % 0.78 eV (c.m.) and their differences are

reliable to % 0.10 eV {c.m.}.
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Lifetimes and Fine Structure of the Metastable Autoionizing
(15252p)4PJ States of the Negative Helium Ion*
L. M. Blau, R. Novick, and D. Weinflash
Physics Department, Columbia University, New York, N. Y. 10027
ABSTRACT

The decay of the differentially metastable autoionizing (15252§I4PJ

states of the “He ion has been studied by time-of-flight techniques in an
axial magnetic field, and Zeeman quenching has been observed. Two distinct
lifetime components (11 usec, 210 usec) have been identified in a 100 eV
beam with an axial field of 400 gauss. The zero-field lifetimes obtained
from these and other measurements are 11 * 5 usec for J = 1/2, 3/2, and

345 £ 90 usec for J = 5/2. The 5/2-3/2 fine structure interval is estimated

to be 0.050 * 0.015 em™ 1,

- e e e = .

The electron affinity of helium was first considered by Wul in 1936

and a negatively charged state of helium was observed by Hilby2 in 1939

% established that He™

5

using a mass spectrometer. Other experimental work3~

could be produced by charge exchange collisions. Holdien and Midtal
employed a four-term variational wavefunction to calculate the energy

of the (15232p)4PJ states and pointed out that these states would be meta-
stable against direct Coulomb autoionization. Although more careful
computation revealed that the four-term wavefunction did not in fact lead to

a positive electron affinity for the (1s23)38 state, Holgdien and Geltman6

*
This work was supported by the National Aeronautics and Space Adminis-
tration under grant NGR~33-008-009. It is Columbig Astrophysics Laboratory

Contribution No. 19.



found that a 30-term wavefunction gave an electron affinity EA > 0.033 V.

7

Brehm et al.’ measured the electron affinity via laser photodetachment, obtain-

= 0,080 % 0.002 eV.
4

ing a value EA

It was realized that the PJ states could decay to the He°ground state
plus a free electron by spin dependent interactions. Each J level would have
a different lifetime and an external magnetic field would quench the longest-
lived J-= 5/2 state by mixing it with other states of the same multiplet.

These predictions were experimentally verified for the corresponding 4PJ
states in l.ithium.8 Dips in the Zeeman quenching curve which result from anti-
crossing levels enabled the determination of the fine-structure interva;s and

lifetimes for each J-state. Various authorsg'lz

have calculated the lifetime
of the 4Ps,2 state for atoms in the isoelectronic series, obtaining values

for He™ ranging from 1700 to 266 microseconds. Since the 4P5/2 state can
decay only via the tensor spin-spin interaction, there is no ambiguity con-
cerning the operator in the matrix element for the tramsition. Hence the wide
range of theoretical values implies that the He lifetime is highly sensitive
to the precise form of the wavefunctions used for the initial and final states.
The theoretical lifetime increases when the initial state is described by

a superposition of Hartree-Fock configurations instead of a single (1s2s2p)
configuration. The electron correlation implicit in the more complicated
initial wavefunction increases the average interelectron separation, thereby
reducing the effectiveness of the spin-spin interaction in causing the decay.
On the other hand, the theoretical lifetime decreases when the final state
includes the polarization of the (152) He® ground state by the ejected
electron and the consequent distortion of the continuum wavefunction of

the ejected electron by the polarized atom (see Table I). There are at



least two physical arguments that can be given for this shortening ofAthe
lifetime., First, the induced multipoles in the atom produce an attractive
potential which serves to increase the density of the ejected electron in
the vicinity of the atom, thereby increaéing the interaction. Second, the
induced multipoles themselves tend to increase the overlap of the final
state of the atom with the initial state. A reliable experimental valve for
the lifetime is needed to evaluate the different theoretical approaches

and the approximations made in the calculations.

We report herein.the preliminary results of an experiment which establishes
that the J = 5/2 lifetime is 345 * 90 microseconds and that a weighted average
of the J = 3/2 and J = 1/2 lifetimes is 11 microseconds. The 5/2 - 3/2 fine
structure interval is estimated to be 0.050 * 0.015 cm™l.

In our investigation, we prepare a beam of He by double charge exchange,

a technique proposed by Dennally.ls

A schematic representation of our apparatus
is shown in Fig. 1. A 3000 ev He' beam is extracted from an rf discharge and
passes through a potassium vapor where it suffers two collisions with neutral
potassium atoms. The first collision results in a charge exchange and produces
the metastable (1323}33 state of He®., The second collision results in another
charge exchange and produces the desired He state. The potassium vapor

density can be varied to maximize the production of He , and negative ion currents
of 100 nanoamperes are easily obtained. The beam emerging from the potassium
vapor is electrostatically separated into its charge components and the total
positive beam is collected as a monitor on beam stability. The He beam is
deflected into a series of electrostatic lenses and decelerated to any desired

energy above 50 eV. The beam then passes into a 10-meter drift tube solenoid-

wound to provide axial magnetic fields up to 1500 gauss. The ion source and



detection regions are separated by a differential pumping aperture. The
pressure on the source side is 3 X 10"6 when gas is admitéed to the rf dis-
charge, while the pressure in the detection region, which is pumped at either
end by 4~in. mercury diffusion pumps, is at least an order of magnitude lower.
The He beam is detected by a Faraday cup which is movable in the vacuum
chamber nearly the full length of the drift tube. A high transparency grid,
electrically insulated from the Faraday cup, is placed across the entrance of
the detector. When the negative bias on the grid is greater than 20 volts,
the 19.7-eV electrons produced in the beam by autoionization of He cannot

enter the detector and the current recorded is due to He alone.

Figure 2 shows typical experimental results for suppression of a 150 eV
He™ beam. The graphs are Faraday cup currents vs Suppression voltage at
successive positions of the detector. The development with increasing distance
of the feature below 25 volts is evidence of the build-up of electrons in the
beam, a confirmation that we are observing autoionization in flight. The
sum of He  and e currents at zero suppression is not independent of detector
position as would be expected from conservation of charge because half the
electrons are ejected backwards and hence are lost to our detector.

Data runs were taken at magnetic fields between 400 and 1500 gauss
to directly observe differential metastability and Zeeman quenching. The

. -7
residual pressure in the vacuum system was varied over a range from 2 X 10

to 3 X 108

Torr by regulating the water flow in the cooling lines of the
solenoid. For all pressures and fields, the graph of He  current vs distance
could be fit to better than 1% by a sum of two exponentials. In Fig. 3,

a run for a 100 eV H beam at a field of 400 gauss and a residual pressure

7

of 2 X 107’ Torr is fitted with lifetime components of 10.2 and 161 micro-

seconds. The 1% accuracy of the fit to individual runs is not reflected in



a corresponding accuracy in the final result for the lifetimes because of
uncontrolled changes in the residual gas pressure and beam intensity during
individual runs. The closest position of the detector to the He source
corresponds to a flight time of 7 microseconds for a 100 eV beam. If the
observed relative weights of the two components are extrapolated back to the
source, the weights at production are equal. The decay rate of a particular

component in a given magnetic field is Y . oiveg =V,

4+ 1y where
natural oV, e

n = residual gas number density, v = beam velocity, and o = the total
cross section for removing He from the beam by either collisional gquenching

or large angle scattering. Extrapolation of vy to zero residual

observed
pressure was accomplished by separately varying the velocity and pressure,
Figure 4 shows the dependence of the longer component, YL’ on the product Pv.
The agreement between the two methods of extrapolation is shown by the
collinearity of the triangles and squares in Fig. 4. The zero-pressure decay
rates of the two components at H = 400 gauss are (4.8 ¥ 0.3) X 103 sec“l and

(9 1) X 104 see‘l. The corresponding lifetimes are 210 and 11 microseconds.
Insufficient data were obtained to make reliable pressure extrapolations for
other magnetic fields. At higher fields, it was impossible to maintain a
stable pressure because of the temperature rise due to Joule heating in the
solenoid windings. The apparatus is being improved and better data are ex-
pected in the near future. Nevertheless, the data points in Fig. 4 for 300
gauss and 1000 gauss show an increase of the decay rate with magnetic field.
Zeeman quenching was also observed by varying the magnetic field with the
detector stationary at different positions. Figure 5 shows the fall off of the

- 2
He current as a function of H™ at three detector positions correspounding to

flight times of 32, 76, and 126 microseconds.



By the hypothesis of differential-metastability, the beam should be com~
posed of three exponential components (one for each J level) at low fields and
as many as twelve components at higher fields. Our inability to resolve three
distinct components deprives us of corroboration of the 4PJ state identification,.
However, smoothly monotonic functions of the sort shown in Fig. 3 are notoriousiy
difficult to fit with any uniqueness to sums of exponentials. It is completely
consistent with our data that the 11 microsecond component is a weighted
average of the J = 3/2 and J = 1/2 states, while the 210 microsecond component
is the J = 5/2 state. The approximate equality of the weights of the two ob-
served components lends support to this conclusion since the statistical
weight of the J = 5/2 state is equal to the sum of the weights of the J = 3/2
and 1/2 states. The experimental value for the weight of the short com-
ponent is 45% ¥ 5%, If a third very short component due to, say, the J = 1/2
state is produced and is lost in the distance the beam travels between pro-
duction and detection, the relative weights of the two remaining components
would be 40/60 in favor of the long component, a possibility we cannot rule
out. On the other hand, the short component cannot be due to the J = 1/2
state alone because then the weights would be 25/75 in favor of the long
component. We are therefore safe in assuming that the J = 3/2 lifetime,
which is critical in interpreting the Zeeman quenching, is within 30% of the
observed short component. Hence we will use Y3/2 = (9F 3) X 104 sec~1
in extrapolating YL to zero-field. Future plans include an effort to determine
the weights more accurately and search for a third,short—lived component in
a 3000-eV beam for which the flight time to the detector is reduced to 3
microseconds.

The lifetimes of the different magnetic sublevels in a magnetic field

is determined by the zero-field lifetimes of the J-states and the Zeeman



mixing coefficients. At low magnetic flelds where first ovder perturbation

theory holds, J = 5/2 mixes only with J = 3/2, leading to quadratic dependence
. ; ; 3 (w0 4 . oL,

of the decay rate on H. By analogy to PJ in He and PJ in Li~, it is ex-

pected that the 5/2 - 1/2 fine structure interval is considerably greater

than the 5/2 - 3/2 interval, and hence mixing with J = 1/2 is ignored at all

fields. Under the influence of a magnetic Ffield, each M-sublevel of the

J = 5/2 state goes over to a superposition of J = 5/2 and J = 3/2 with the

same M:
I5/2 M} = cos 6M§5/2,M} + sin 6,|3/2,M> (1)
vhere 8, is a function of u H/A__ and A_., = 5/2 - 3/2 fine structure interval.
M o 53 53
The decay rate of the modified IS/Z,M) state is given by:
Y - 2 + o 29 :’:)
y = cos BM{S/Z sin M{3/2 {2

where YS[Z and Yy, 8T the zero-field decay rates for J = 5/2 and J = 3/2
respectively. Because y3[2 >> Y5[2’ EM_Q YS{Z’
2

2
quenches the J = 5/2 substates. At low fields, sin"@M is proportional to H™,

i.e., the Zeeman mixing

. . 2 . e 7 ‘ .
In particular, sin 6&5/2 = §; the |5/2, % 5/2> states remain pure at all fields.
Again, because y3/2 >> Y%/?’ there is a flight time to = 30 microseconds be-~
yond which essentially only J = 5/7 substates remsain in the beam. The

metastable current arising from the J = 5/2 substates is then:
I(ty = ) exp (-Tt) (3
M M

During the flight time bevond to’ the decay of the beam is well characterized

by a single, slowly varying decay constant, ¥ The value of YL at time t i=

L
equal to the logavithmic derivative of Eq. (3):

_ dI/ae
1

Y, = = % WMTM/Z oy (4)



where the weights W,

= exp(nfMt) are the relative populations of the magnetic

substates after time t in the magnetic field. It is clear that Yy, first in-
creases proportionally to HZ, and then increases less slowly, eventually
saturating, and finally decreasing to its initial value Y5/2 when only

|5/2, £ 5/2> remain in the beam. The maximum decay rate occurs at about
1000 gauss; hence YL at this field is not sensitive to changes in A53. A

better way to determine A 3,and from this the zero-field decay rate YS/Z’

5
is the direct observation of Zeeman quenching shown in Fig. 5. By Eq. (3),
the J = 5/2 current will drop at high fields to one-third its zero-field
value, This arises from complete quenching of the M # T 5/2 substates. With
a flight time of 76 microseconds, I -~ 1/3 Io drops off by a factor of e at

H = 1.06 kilogauss, If Y3/9 is taken to be (9 T 3) X 104 secul, then A53

must be (0.050 * 0.015) cm—l to produce the observed quenching. The gzero-

field decay rate inferred from A 3= (0.050 £ 0.015) cm"l and a decay rate of

5
(4.8 % 0.3) % 102 sec™ at 400 gauss is Y., = (2.9 £ 0.6) x 10% sec™ or a

lifetime of 345 T 90 microseconds for J = 5/2,

These results are in apparent disagreement with the 18.2.microsecond 1life-
time for He reported by Nicholas 35‘3;,14 However, these investigators did not
consider the differential-metastability of He and based their comnclusions on
a maximum flight time of one microsecond during which they observed a 5% decay
of the beam. This agrees with the decay observed during the first microsecond
of our flight time when both the short and long components are present., The
345-microsecond lifetime for the J = 5/2 state is in reasonable agreement with
the most recent calculation of Estberg and LaBahn15 which takes into account dig-
tortion of the final state and yields a lifetime of 455 microseconds. In
addition, our result is in agreement with an extrapolation of the (lsZsZp)4P5/2

lifetimes for the He isoelectronic sequence from Li° to 0+5.16 The near



degeneracy (AE = 0.050 cm-l) of the J = 5/2 and J = 3/2 levels in He may be
compared to the similar near degeneracy (AE = 0.070 cmml) cf the J=13and J =2
levels of the (152p)3P term of He®. The smallness of the splitting in both
cases arises from competition between the spin-spin interaction and the inverted
Landé spin-orbit interaction. The small value of A53 is favorable for the
scheme proposed by Feldman and Novick17 for producing polarized 3He nuclei by
first obtaining a beam composed only of |5/2, T 5/2> and then quenching one of
the M~levels by an rf resonant field.
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FIGURE CAPTIONS

Schematic diagram of the He source and detection regionms.
Current reaching the movable Faraday cup at successive detector
positions as a function of negative suppression voltage. Note
the buildup of the low energy component and the decrease of the
high energy component as the detector is moved away from the source.
Typical He data run fitted to a sum of two exponentials. The
two components have equal weight when extrapolated back to the
source, which is located at D = -1.2 meters,

The decay constant of the long-lived He component, Yys 25 2
function of pressure times velocity at several magnetic fields.
Quenchable component of the He” current as a function of H with
the detector staticnary at positions corresponding to flight
times of 32, 75, and 126 microseconds. At these flight times,
the metastable current is due essentially only to the J = 5/2
substates. One third of the zero-field J = 5/2 current arises
from MJ = £ 5/2, which is not quenched by Zeeman mixing and is

therefore subtracted from the total current,



Table I. Theoretical values for the lifetime

- b
kY 4)
of the (ls2sip} P5f2

state of He {in usec).

No. of configurations in
initial state wavefunection

. -~
Polarization of / neo
the final state )

included ves

i
i
S
Present experi-
mental value

ARef. 10, b

Ref. 12, “Ref.

N=1  N-28
3032 550°
266° 455°

345 + 909

15, dpresent work.,
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PRECISION MEASUREMENT OF THE FINE STRUCTURE
AND LIFETIMES OF THE (13232@)4PJ STATES OF He AND Li*
Robert NovickT and David Weinflash
Department of Physics, Columbia University

Abstract

A serjes of measurenents has been completed and others are in prog-
ress for the precise determination of the energies and lifetimes of the
metastable autoionizing (lsZsZpﬁéPvatates in He and Li*. Since these
states have lifetimes in the range from 5 to 300 usec and since the fine
and hyperfine structure intervals are of the order of a wave number, it
will be possible to determine the splitting with a relative accuracy of
one patrt in 106 or better., Present measurements in L16 and Li7 are at
the level of one part in 104 and a preliminary crude estimate has been

B, -
5/2 3/2

with radic-frequency techniques tc obtain very much more precise resulcs.

made of the inteyval in He . Further work is in prograss
Congiderable theoretical effort must he made before these results can be
intprpreted in terms of fundamental constants. However, it is clear that
if the necessary numerical wavefunctions can be obtained with sufficient
acquracy, and if the various radiative and velativistic corrections cam
he evaluated, then these results will provide a precise new independent

vatue for the Sommerfeld fine structure coustant,

+ ) L
" Work supported by Natiomal Aeronautics and Space Administration

under Grant N8G-360 and by Natiomal Science Foundation, trant NSFGP-13749.



Introduction

. N - U
The metastable autolonizing (ls2g2p) Pg states of He and Li pro-

e
a
oo,

vide an unusual opportunity tc check the accuracy of quantum calcula~
tions for three-electron systems. The fine-structure intervals and life-~
times of these states ave 3 sensitive test of sur understanding of elec~
tron correlation effects and the compeilivion between variocus spin~

dependent interactions. In addition, the Fermi contact hyperfine inter-

action of the unpaived s-slectrons provides a crizical test of our abili-~

Ly to calculate the slectyron density zt the nucleus. If numerical wave-

functious are obtained wiyl cieont accuracy snd the vavrious radiative
and raelativisrtic corrections ars svsluated, very nrecise measurements of
the level splittings will provide an independent value for the Sommerfeld
fiae»sﬁrugﬁure constant, o, accurats to six places or better. Altsina-
tively, if we assume that ¢ is known from other wosk., then such precise

experimental values could be used either as a2 new tes® of juantus elec-

trodynamics or to place limits on new interaction rervy that may bde pog-
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urement is their wetastsgb elgotrie-dipole

emission and decay oniv by spin-dependent a
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levels with a relative «f ome part in 10 or becrer.
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Ta-You Wu suggested [4] that the (13252p}49 term of He , in which
twe of the electrons are excited, could be bound with respect to the
(1323335 term of neutral helium. Elaborate variational calculations have
confirmed this conjecture, but at least 20 terms are required in the
wavefunction to produce a positive electron affinity for helium in the
{1523}33 state [51. The &e;eaticn rule AS = 0 forbids decay to the he~
lium ground state plus a free electron by either electric-dipole emission
or by sutoionization viz the Coulomb potential betweesr the electrous.

The state is therefore metastable and was postulated to account for the
observations of He .

Analogous metastable autoionizing states were predicted for the al-
kalis. These guartet states are produced by the excltation of 2 single
éore electron and ha?e energies much greater than the first ionization
potential of the atom., Of particular interest in the present comnection

are the (zszszp)49 states of lithiuwm which have exactly the sams config-

J
- *
uration as predicted for He . The AS = { selection rule makes Li , like

He . metastable with a lifetime of a few usec.

It was realized [6] that the breskdown of LS coupling in both He

4

*
and Li would mix all but the P state with 2? states which autolion-

512
ized very rapidly (lifetime on the order of one Bohr period: ~1O~14

sec). Thus even a very small doublet admizture would strongly gquench

4

and P states. Finally, Kroll pointed out that even 4?

3/2 1/2 5/2
could decay by the tensor part of the spin-spin interasction. The 493/2

and 4P1/2 states can also decay dirvectly by spin~dependent interactions

the éP

as well as indirectly via the doublets, leading to¢ gemerally shorter
%
lifetimes. In the case of L1 , the metastable state has an energy of
37 eV, oxr more than ten times the [irst ionization energy of Li, vet its

lifetime is about § usec,



The term "differential metastability" has been coined to describe
the existence of distinct lifetimes for each J-state of the multiplet.
A further proliferation of lifetimes occurs in an external magnetic
field and/or in the presence of hyperfine structure,

In the exploratory work carried out so far, the splittings of the

4

PJ ¥ states are obtainmed by diagonalizing a semi-phenomenological Hamil~
L

tonian which includes fine and hyperfine structure terms as well as the

Zeeman interaction:

2
H = cso'ﬁo'é' + egq [(3(0-5)° + 3/2(-8) ~ L + 1)8(S + 1)]
> o ]
+ anl S + uoH{ngz + gSLz + gIIz) . (1)

Magnetic dipole and electric quadrupole hyperfine terms were also in-
cluded in the analysis, but were not varied in fitting data [7]. 1In
the absence of hyperfine structure, let the eigenstates of given MJ in

an external magnetic field be indexed by the superscript i:

i

v @) =5 b mlam) . (2)

If the separation between the levels is large compared to their width,
the decay rate of ivlm(H)> is well-defined and given by a weighted sum

of the zevo~field decay rates Yy of the multiplet:
1 - i 2
Y@ =2, lap [y (3)

Expressions of the same form as eqs. (2) and (3), with M replaced by F,
give the eigenstates and decay rates of the hyperfine levels with no ex-

ternal field., The state of highest F (Fmax

state and thus in general is longest-lived. With both hyperfine and ex-

= 5/2 4+ L} is a pure J = 5/2

ternal fields, the summation in 2gq. {(3) extends over J and F to obtain

the decay rates for states with a given M,. The most important conse-



quence of the mixing by an external field is to increase the decay rate

4

o D
of the 5/2,F

reaching the detecter in an atomle beam experiment. However, the state

states, thereby "Zeeman quenching” the metastable signal

. 4
of highest F ané}ﬁ?Qis not mixed and retains the pure PS{Z decay rate,
Ys5/2.

3. Lithium

The early work on lithigm and the other z2lkalis established the
existence of aut@ioniéing gtates with lifetimes in the usec range [8].
A schematic diagram of the apparatus used in these investigations is
shown in figure 1. A beam of metastable atoms was produced by electrom
bombardment of lithium atoms emanating from an oven. The mgtastables
were detected by collecting the ion-electron pairs that result from
autoionization. The oviginal detector was simply a pair of parallel
metal plates with a small potential ascross them to enhance collection
efficiency. Greater sensitivity was achieved by replacing the metal
plates with 2 msgnevic surip electron multiplier. To prevent charged
particles from entering the detector, 2 honeycomb grid was placed across
the entrance. The thresheld in 1ithius for the excitation of the meta-
stable signal was 57.3 z 0.3 volts. Since the creation of the meta~
stable involves a spin fiip, the excitation function is characteristic
of exchange collisions: the cross section attains its maximum within a
few eV of the threshold energy and then decreases very rapidly. An aux-
iliary detector downstream from the main detector was sensitive to pho~-
tons and metastables but pot the ion-electron palrs, and showed no
marked increase in signal streangth at the metastable threshoid.

The metastable detector was movable over a distance of 3 cm and the
lifetime of the lithium metastable, which was assumed to be pure

P
5/2

by the time it reached the detector, was determined to be 5.1 = 1.0 usec.



Quenching of tha metastable signal by electric and magnetic fields
was alsc observed. The magnetic quenching curves of Li? and L16 showed
saveral resonance-like dips which were attributed to strong mixing of
short~lived and long-~lived states at level anticrossings. The quenching
curves for both isotopes were studied in greater detail with the entire
apparatus (source and detector) enclosed in a uniform magnetic field to
prevent non-adisbatic transitions in the fringing region [7]. Typical
data for Li? are reproduced in figure 2. Three anticrossing dips in Li7
were investigated and ascribed to long-iived J = 5/2 levels anticrossing
short-lived J & 1/2 levels. The anticrossing levels are illustrated in
figure 3. In Lié, thrze anticrossings of J & 5/2 states were found: two
involving J ~ 3/2 states and one involving a J % 1/2 state. The centers
of the dips were accurately located, and the widths measured, by signal-
averaging techniques.

A thecretical analysis showed that in the wicinity of the anti-

crossings, a two-state treatment of the levels ig adeguate. The fine-

~4P {Z AL} and by ~4P
5/2 "3 YT 753 Y8/ Ti/3

. ey : an? o . ;
determined to a few parts In 10 by finding, and demonstrating the

structure intervals éP = {z Qsl} were

uniqueness of, a set of values for o and & in eq. (1) that gave

gt Tggt bt
o ) S & L7 ) . . .
anticrogsings in L1 and Li" at the experiwentally observed fields. The
4 14 € s -] Y ¢ A £
P52 and PT[Z lifetimes were determicasd by the widths of the corregpond-

ing anticrossings. Finally, tha P iifetime was re-evaluated, taking

into account the considerabls hyperfine mixing, which raisgd the value

about 16%Z [9]. The resuvlts for the energies of the {lsZsEp)éPJ ¥ states
s

of Li? appear in figure 4. The lifetimes and structure constants are

given in table 1.



This work provided the first definitive assignments for lines ob~
served in the course of a study of the Lill spectrum [10] which had no
place in the normal spectra of the atom or jon. It had been suggested
that these lines arose from transitions to the metastable (lsZsZp)aPJ’F
ground quartet-sfat® from higher quarters. Assuming the upper state to
be (lsZs3s)48, the aew experimental rvesults for the level structure of

(lsZsZp)4PJ in Li7 were used to c¢alculate a thecretical line shape for

o F
[ ]

the unassigned 2934 A line. The cglculated line profile is in excellent

agreement with the spectroscopic data {7]. This agreement strongly sup~

4

ports the term assigiments and the structure of the P._ states.

J

The level scheme described above predicts the location of crdssings
between states of different MF to within one gauss. These states can be
coupled in the neighborhoed pf the crossings by an appropriate rf mag-
netic field oscillating perpendicular to the static field Ho, and transi-
tions detected by a drop in metastable signal. Under favorable experi-
mental circumstances, the line width is determined only by the natural
width of the short-lived state, which is ~0.25 MHz for J =~ 3/2 and ~0.75
MHz for J = 1/2. Detpmination of the fine and hyperfine structure could
be about 200 times more accurate than in the static quenching experiment
and precision ¢of a few parts in 106 or better could be achieved. Tenta-
tive identification of a 30 MHz resonance in Li? at 5374 gauss has been
made [11]. This is roughly 3 gauss below the crossing of a J = 3/2,

F=1,M,=20 level with a IJ=~ 5/2, F =1, MF = ~1 jevel, as calculated

F
from the level scheme of figure 4. The resonance has proved to be elu-
sive and work is continuing on this and other predicted hyperfine reso-

nances.



4. The Hellum Negative Ion

Results on the helium negative ion, which prompted the whole line of
research, are as yet primitive, at least for the fine-structure. The
negative loun of the Heé isotope (I=0) has been studied by time-of-flight
techniques in an axial magnetic field and Zeeman quenching observed at
fields as low as 400 gauss., Lifetimes of roughly 500, 10, and 16 usec
have been obtained for the J = 5/2, 3/2 and 1/2 states respectivelyuz

4 4

In addition, the P512~ P3!2

to be 0.036 % 0,009 cmfl from the Zeeman guenching data between 350 and

fine-structure interval has been estimated

1400 gauss [12].

2 ; . s . ’
These lifetimes are in appavent disagreement with an 18.Z usec

iifetime for He reported by Nicholas, Trowbridge, and Allen, Phys. Rev.
167, 38 (1968). However, these investigators did not consider the dif-
ferential metastability of He and based their conclusions on & maximum
flight vime of 1 Usec during which they observed a ~5% decay of their

beam. This agrees with the decay observed during the first microsecond
of decay in our work when both the long~lived and short-lived components

are present in the beam.
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Figure 5 is a schematic diagram of the apparatus used in the study
of He . A beam of the negative ion is prepared by double charge exchange,
a technique proposed by Donnally [13]. A 30060-eV He+ beam 1s extracted
from a 80 MHz rf discharge and passes through a potassium vapor where it
suffers two collisions with neutral potassium atoms. The first collision
produces the metastable (1325}33 state of He”. The second collision re-
sults in another charge exchange and produces the desired He state.

The potassium vapor demsity can be wvaried to maximize the production of
e and a negative ion current of 100 nA is easily obtained. The beam
emerging from the potassium vapor is electrostatically separated into its
charge components and the total positive beam is coellected as a monitor
on beam stability. The He beam is deflected into a series of electro-
static lenses and decelerated to any desired energy zbove ~50 eV, The
beam then passes into a l0-meter drift tube wound to provide axial mag-
netic fields up to 1500 gauss. The lon source and detection regions are
separated by a differential-pumping aperture. The pressure on the source
side is 3 X 10”6 Torr when helium gas is admitted toe the rf discharge,
while che pressure in the detection region is at least an order of magni-
tude lower,

The He beam is detected by a Faraday cup which is movable in vacu-
um nearly the full length of the drift tube. A high tranmsparency grid,
electrically insulated from the Faraday cup, is placed across the gn-
trance of the detector. When the negative vetarding voltage on the grid
ie greater than 20 wolts, the 19,7-eV electrons produced by autoioniza-
tion im flight of He cannot enter the detector and the current recorded

is due to He alone.



i1

o

The dependence of the He metastable beam intensity on the experi=~
mental variables {(distance from source, magnetic field, beam velocity,
and residual gas pressure} was analvzed to extract the lifetimes and fine~
structure of the {lsZs2p}4Pj statea of He . The bulk of the data was
taken at a beam energv of 100 &V and a field of 406 gauss. The plot of
metastable current versus distance is fit im sll cases to 1% by a weight-
ed sum of two exponential components. The closest position of the de-
tector to the source corresponds to a flight time of 7 usec for a 100-eV
beam. If the observed welghts are extrapolsiad back to the source, the
intensities at production are youghly equal. The decay rate Yg of the
short-lived component was sssentially independent of field, velocity,
and pressure. The decay rate Yy of the long-lived component increased
with all these variables, and was extrapolated to zero residual pressure
using data at warious pressures and velocities. The long-lived compo-

nent was identified with a weighted average of the 4?5/ substates, while

V3

the short-lived componeni was assumed to be an average of the &P3/2
4

Pl/2 states. This assignment is supported by the agreement between the

and

relative strengths of the two components with their statistical weights
and the increase of the decay rate of the ~eag—1ived component with mag-~
netic field.

More detailed information on the lifetimes and fine-structure in-
tervals was obtained directly from the Zeeman quenching curves. The field
dependence of the metastable current (shown in figure 6) yielded values

4

for the P ~4P3/2 fine~styructure interval A53 and the difference bet-

5/2

4 & o - o
ween the 93/2 and Pero decay *atesp,YB/Z EE!Z' With these two atomic
parameters fixed, all three zero-field decay rvates were determined from

the decay»leﬁgth data. In figure 7, the datz is fit with three exponen-

tial components. The weights extrapolated back to the source at § are
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proportional to the statistical weights of the assigned J~values. Only
4 4 , , .

the PS/Z Pl/z fine-structure interval, ASl’ remaine inaccessible to

the present experimental approach. Table 2 gives the preliminary life~

times and fine-structure obtained in this work,

There are probably no narrow anticrossings in the negative ion of
the isotope He3 (I=1/2) such as those observed in L16 and Li7. Manson's
[14] theoretical level diagram for the He3 ion is shown in figure 8.

The hyperfine splitting is calculated to be considerably larger than the
A53 fine~structure interval and comparable to the A51 interval. Narrow
anticrossings occur between states which would in fact cross 1f they

were not weakly coupled by a perturbation small compared to the Hamilton~-
ian which defines them. There are broad Zeeman anticrossings in the
energy levels for ions of both He isotopes, but these are of little ex-
perimental interest and despite the smallness of A53’ the lowest of these
occurs around 3700 gauss, still too high for the present apparatus., It
would be prohibitive to produce a magnetic field more than a few kilo-
gauss over a distance sufficlent to appreciably quench the long~lived

He states. These states mix with “short-lived" states that have

lifetimes ~10 usec, or decay lengths of ~70 cm for a 100~eV beam,

Although not expected to exhibit anticrossings, the Zeeman quench-

ing curve of the He3 ion could give a value for A 1 the atomic para-

5
meter unmeasured by the work to date. Denote as F = 1" and ¥ = 2' the

hyperfine states with J = 3/2 to distinguish them from the states F = 1,
J=*1/2 and F = 2, J~ 5/2. Because A53 < 0, we would expect AB

< 0 in figure 8. However, Manson's calculation gives AZl' > 03

g0 <0

and A21,

i.e., F =2 is higher then F = 1! because the latter is depressed by
repulsion from F = 1. This depression of the F = 1' level is sensitive

to the value of A_.. It is possible that 4

51 is actually toc large to

51
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cause inversion of F = 1' and ¥ = 2, as Manson claims. If QZI‘ is sig-

nificantly different from A very precise Zeeman quenching data for

32°°

the HeB ion could determine the asbsolute value of &giqg although un-
fortunately not its sign. If the actual splittings are favorable, &

value for AS could be obtalnad Ey thies method.

1

Very sharp rf vesonances could be obtained at low frequency in the
neighborhood of level crossings in the ion of either isotope. There are
four AMj = «1 crossins- in the He3 ‘on between 400 and 700 gauss suitable
for low-freguency w-transitions. Theyv occur where §J=5/2,M+L} intersects
[3=3/2,M}, for -3/2 < M < +3/2. The location of the crossing with M,,, =

3/2

53 3/2 ~3/2

is influenced strongly by 551, Similar crossings occur in the H63 ion

+3/2 depends only on A__; the location of the crossing with M
between F = 3 and F = 2' and between F = 2 and F = 1'. The contributions
to the line width are: (1) rf power level, which can be made low once
the resonance is located; (2) time apent by the iom in the rf field,
which can be as long as 100 usec; (3) inhomogeneities in the static mag-
netic field; (4) natural decay width of the short-lived state, which is
~100 KHz.

At such time as resonance techniques are successfully applied to
this problem there will be a number of radioc frequency and microwave
transitions that can be readily studied. If we conservatively estimate
that the line center can be determined to 1/10 of its width, we can
measure the intervals in He and Li* £o one part in lﬁﬁ or better. This
is an order of magnitude more precise than resulta for systems that are
not metastable., For example, the 23?1~23P2 fine-gtructure interval in
the (152§)3P3 state of neutral helium wae measurad by optical level
crossing to 40 ppm [13]. The line-width of 2.7 gauss, equivalent to
several MHz, arose from the radiative lifetime (~i6”7 sec) of the allowed-

glectric~dipole transition to {1523}383 & more recent determination of
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this interval by an atomic-beam optical-microwave resonance method is
accurate to 3 ppm [16]. However, this precision is based on fitting the

data to a theoretical line shape and locating the center of the line to

3 of its width. In hydrogen, the linewidth of the 22P state is

2
3" b

1.2 ¥ 10~

about 100 MHz, or roughly 1% of the “p fine-styructure separa-

1/2
tion.

5, Comparison to Theoretical Work
As might be expected, the agresement between theory and experiment
is better for Li* than for the weakly-bound He . Several calculations
of the (ls2s2p)4P term energy in lithium are within the experimental
limits of 57.3 £ 0.3 eV above the {iSZZS) ground state (see Table II of
ref, 8. Manson's values in lithium for the 4P5/2 lifetime [17], the

spin~spin constant c¢.,, and the hyperfine constant a. [14] are all in

58
good agreement with experiment. The only serious discrepancy is in the
value of the spin-orbit constant Cso’ the theoretical wvalue is roughly
twice the experimental valuas., In the (lsZsZp)éPJ states, e includes
a negatlve contribution from the magnetic field produced by the p-
electron on the unpalred spins of the s—electrons, called the spin-other-
orbit interaction. This overpowers the usual spin-orbit energy due to
the p-electron orbit producing 2 magnetic field on its ownt spin; the net
orbital interaction makes a0 negative. Because oo is the difference
of two comparable quantities, it is very semsitive to electron correla-
tion effects, the exact form of the wavefunction, etc.

The situation is more difficult for He . The largest electron af-
fipity obtained for He by variational calculations is Weiss® value of

0.069 eV [4], which is about 147% smaller than the experimental value of

0.080 £ 0.002 eV measured via a laser photo-detachment technique by



Brehm, Gusinow, and Hall [18]. Since the energy is the quantity most
accurately calculated by variational technigques, the cther quantities

evaluated using these wavefunctiong are im sericus doubt.

The preliminary experimental walue for the A.., fine-structure split~

5
ting is about half the theoretical splitting. If the theoretical value

[

for c.. is assumed to be accurate, as is suggested by the agreement in

S8
*
Li , the experimental value for &53 can be used to estimate values for
g0 and ASl {see table 2).

Theoretical values for the lifetime of 4? in He ranging from

5/2
266 to 1700 usec can be found in the literature [19, 20]. Most recent
caleulations include electron corrvelation in the initial state through

a multi-term wvariational wavefunction. The most sophisticated calcula-
tion considers the effects of polarization of the (lsz} final state by
the free electron and the cousequent distortion of the continuum wave~
function [21]. Because the QPsz state can decay only via the tensor
part of the spin-spin interactiom, there is no ambiguity concerning the
operator in the matrix element of the transition. A reliable and precise
experimental value for the lifetime is thervefore a clearcut test of the
initial and final state wavefunctions and should inspize further theo~
retical efforts.

Future experimental efforts will aim at finding and precisely meas~
uring the rf and microwave resenancés described aﬁoveﬁ If the antici-
pated precision is obtained, the results will provide rigorous con—
straints on theoretical discussions of the three-electron system. Theo=
retical groups are considering the possibility of calculating very pre-
cise numerical non-relativistic wavefunctions for three-electron states

{22]. Clearly such results will be essential to the interpretation of

the high precision experimental studies.



Table 1

*
Fine~Structure and Lifetime of (1s2329)4PJ in Li

16

(intervais in mK = 10m3 cm—l; lifetimes in usec)
quantity exgeriment(a) theogz(b)
4 4
553 { P5/2 P3/2) +997.34 * 0.66 + 575
4 & \ _ . -
Asl ( P5/2 Pllzf l724t70 -— Ovs[§ 2610
Cso -154.47 + 0.30 - 325
Cgg +184.47 * Q.14 + 185
a (i) +172.09  1.1% + 172
a_(1®) + 65.16 % 0.42 + 65
+
TS/Z 5.8 + 1.2 5.88
+
73/2 0.46 * 0.10 0.30
*
Tl/2 0.14 £ 0.07 >10.0
Involved large camcelation due to interference
(a) (b)

References 7, 9

Reference 14



Table 2
) & G o~
Fine-Structure and Lifetimes of (lsZsZp}'PJ in “He
(intervals in ak = 10“3 cm“l; lifetimes in Hsec)
quantity experimental(a} gﬁgggg(b)
4 4 . .
& 4 o N
by { L :2?3;2} =263 314
o 49 ~£1.3
CSS il.4 1i.4
a —— -101
c
Ts/2 500 £ 200 1000
1312 10 2 33
. 5
lez 16 % & 3500

# y - i .
There is only experimental data for |A,.!; the rest of experi~

mental column uses A

.i‘

= 36 and theoretical Cq Lt raliculate A, and ¢, .-

52 8 51 S0

See footnote 2.

§ i . . .
Involved large cancelation due to interference.

(a) &)

Reference 12 Reference 14
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Figure 1. Schematic diagram of the first Zeeman quenching atomic beam

apparatus {(ref. 8}.
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Figure 2. Typical data for Li7 showing dips in the Zeeman quenching

curve. These and similar features in Liﬁ were studied in greater detail

by signal-averaging techniques (ref. 7).
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Figure 8. CLalculated energy level diagrams for the helium negacive ion of
the isotopes He4 and He3 (ref. 14). A preliminary value (ref. i2) for the
6P5/2—4P3/2 splitting is approximately half the calculated value (see
table 2). The He3 states marked 1' and 2' have J = 3/2 weight of 90%

and hence are lomger~lived than the states marked 2 and 3.



Spectrum of the Two~Photon Emission from the Metastable
*
State of Singly Ionized Helium
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Verification has been made of the theoretically
predicted spectral distribution of the two-photon

emission from the metastable 22

81/2 state of singly
ionized helium by means of a broadband spectroscopic

coincidence counting technique.

We report here on the observation by means of a broadband
spectroscopic coincidence counting Eechnique of the spectral dis-
tribution of the two-photon emission from the metastable 2281/2
state of singly ionized helium. Spitzer and Greenstein (1951)
suggested that the two;photon emission from metastable hydrogen

atoms might make an important contribution to the continuous emis-

sion spectra of planetary nebulae. However, it is not the only
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_ source of planetary continua; other sources include the recombina-
tion spectra of hydrogen and helium and free-free transitions. The
continua of various planetary nebulae have been measured by several
observers (Aller, 1941; Page, 1942; Barbier and Andrillat, 1954;
Minkowski and Aller, 1956). Unfortunately,‘these measurements are
not in good agreement, and they do not provide either a test of the
theoretically predicﬁed spectral distribution of the two-photon
emission from the metastable state of atomic hydrogen or an indica~-
tion of the extent to which this process contributes to the continua.
Since most of the two-photon spectrum lies in the ultraviolet, it
may be possible to obtain better measurements with the OAO. - No pre-
vious laboratory observations are reported of the spectrum'of the
two-photqn decay of metastable hydrogenic atoms, although the obser-
vation of a peak in the continuum emission from a hot plasma con-
taining neon has béen attributed to the two-photon emission from

the metastable 2~

S state of helium-like neon IX (Elton, Palumbo, and
Griem, 1968). The two~photon decay of metastable He' has been firm-
ly established (Lipeles, Novick, and Tolk, 1965). Attempts to
detect similar two-photon decays in excited nuclei have not proved
as fruitful (Alburger and Parker, 1964). However, numerous obser-

vations have been made of induced two-~photon absorption and two-~

photon emission processes.l (Abella, 1962; Kaiser and Garrett, 1961;

1. The work on induced optical two-photon processes always involves
the use of a laser source, and the induced photon is necessarily of
well-defined frequency.

Hall, Robenson, and Branscomb, 1965; McMahon, Soret, and Franklin,

1965; Salwen, 1955; Strome, 1968; Eisenthal, Dowley, and Peticolas,



1968; Mahan, 1968; Frohlich and Staginnus, 1967; and Yatsio, Rokni,
and Barak, 1968.)

In the nonrelativistic limit, the decay of the hydrogenic
2281/2 state to the 1281/2 ground state by means of a one-photon
radiative transition is completely forbidden. Relativistic effects
allow the 2S 515 one-photon magnetic dipole transition, but this is
many orders of magnitude weaker than the 2S > 1S two-photon electric
dipole transition. Theoretical estimates by Breit and Teller (1940)

indicate that the dominant mode of decay for this metastable state

is two-photon emission to the ground state with a decay rate given

1 2

by ¥ = 526.464 sec —, which corresponds to a lifetime of 1.9 msec.

2. The hydrogenic atom has one metastable state. On the other hand,
the helium-like atom has two metastable states, the 2180 and the

2381 states, both of which may décay to the ground state by means of
two-photon emission. Two~photon emission is the dominant decay mode

of the 2180 state of helium; however, it is not the dominant decay

mode of the 23S1
that the lifetime against the one-photon magnetic dipole transition
to the ground state is 105 sec (Schwartz, 1968), whereas the lifetime
against the two-photon decay is 2.2 X 108 sec (Dalgarno, 1968a). As
in the case of the hydrogenic metastable state, the two-photon decay
rate of the metastable,zlso state of the helium~like atom has a 26
dependence on the nuclear charge. On the other hand, the two~photon
decay rate of the metastable 2381 state of the helium-like atom has
been calculated and shown to vary as'z10

sequence (Bely and Faucher, 1969).

state of helium. PFor this state, it has been shown

along the isoelectronic

Theory predicts that these photons have a continuous distribution
of.energy that is both broadly peaked at and symmetric about 20.4
eV (608 a). [ The theoretically predicted spectral distributions of

the two~photon emission from both the hydrogenic metastable 2231/2



4
state and the helium-like metastable 2130 state have their maxima
when thghtwo emitted photons have the same frequency. However,
the theoretically predicted spectral distribution of the two-photon
emission from the helium-like metastable 2381 state is identically
zero when the two emitted photons have the same frequency, and has
two maxima, one on each side of vlz/z, where hv,, is the transi-
tion energy (Dalgarno, 1968b).] Conservation of energy reéuires
v, + Vv

1 9 = Vo where Vi and v, are the frequencies of the two photons

2
and Yo is the frequency corresponding to the difference in energy
of the 18 and 28 levels. One photon must lie in the range v = 0
to v = vo/z, and the'complementaiy photon must be emitted in the
range vo/2'to Vo- Thus the spectral distribution must be symmet-
ric about vo/z when plotted on a freguency scale., Figure 1 shows
the theoretically predicted spectral distribution of the two-photon
decay plotted on a wavelength scale. We detect the two-photon
decay mode by a l15-nsec resolving time coincidence technique, i.e.,
by simultaneously detecting both photons of the decay. It is in-
adequate to detect only one~photon events since radiation also
results from the excitation of the background gas.3
The experimental apparatus, which consists of an electron-
bombardment ion source, differential pumping chambers for pressure
reduction, and a detection chamber with two phototubes located in

a plane perpendicular to the axis of the beam, and the experimental

3. 1In the course of studying the two-photon spectrum using single-
photon counting techniques, radiation due to the impact of low-
energy metastable singly ionized helium on helium and on the other
rare gases has been detected. This is the first experimental study
of very low-energy ion-atom excitation where one of the collision
partners is initially in an excited state. The results of this
preliminary study will be presented elsewhere.
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procedure are similar toyghosé employed by Lipeles et al. (1965}.
However, our present systém incorporates several significant im-
provements over that of Lipeles et al. (1965). We installed a
new ion source, similar to that described by Dworetsky, Novick,
Smith, and Tolk (1968), which produces an ion beam more than a
full order of magnitude greater than that used previously. Instal-
lation of additional electrostatic ion lenses has improved the
focusing of the beam into the detection region.

The two-photon decay is proportional to (gl'gz)z’ where gl
and 22 are the polarization vectors of the two photons. Averaging
over the polarizations of both photons yields a (1-+cosze) angular
distribution, where 6 is the angle between the propagation vecﬁors
of the two phoépns. Thus, with photodetectors insensitive to the
polarization of the photons, a (1-+cos29) angular correlation is
predicted for the coincidence counting rate. Lipeles et al. (1965)
previously measured the coincidence signal as a function of the
angle between two EMI "hard" uv windowless multipliers, which‘
detect photons in the range from 300 to 1200 i with an average
quantum efficiency of about 10%. They thereby verified the (l-+coszm
angular correlation. In addition to the angular correlation, they
measured the dependence of the singles and coincidence counting
rates on electron bombarding energy and rf gquenching power,4 Both
of the excitation curves showed the expected threshold at 65 eV,

the energy needed for the formation of the 2S state of Het from

4, The radio-frequency quenching of the 2281/2 state is accom-
plished by allowing the ion beam to pass through a microwave field
whose frequency corresponds to that of the 2281/2 - 22P1/2 transi=-

tion of He* (i.e., the Lamb shift frequency).




6
the ground state of neutral helium. Furthermore, the rf quenching
curves showed the expected exponential dependence of metastable
intensity on rf power.

With out improved system we remeasured the angular correla-
tion with the two "hard" uv phototubes., The results of these meas-
urements, shown in Fig. 2, verify the theoretical angular correla-
tion. The solid curve in the figure represents the expected
angular distribution after we integrate the (1 + cosze) angular
factor over the area of the photomultiplier cathodes and over the
length of the ion beam exposed to thé.phototubes. The angular
correlation was also measured with one "hard” uv phototube and one
EMR 541-F "soft" uv phototube with a LiF window, which is sensitive
from 1050 to'3500 k. This again confirmed the theoretical angular
distribution but this time one of the phototubes (the "soft" one)
necessarily résponded only to photons whose frequency was less
than half of the transition frequency. In order to study the
spectral distribution of the decay photons, we placed various
broadband filters over the face of the "soft" uv phototube. These
filters, which include MgF,, CaF,, Ser, BaF,, sapphire, and
Suprasil (fused silica), have various low-wavelength cutoff limits
and transmission ¢haracteristics. The coincidence counting rates
with the various filters give us information about the two-photon
spectral distribution. Table I presents the data obtained.

In Table I, S/So is the ratio of the single-photon count-
ing rate with a specific filter to that with no filter; R/Ro is
the ratio of the coincidence counting rate with a specific filter

to that with no filter. Columns 3 and 4 give the experimental



values for singles and coincidences with their corresponding un-
certainties. Columns 5 and 6 give the singles and coincidence
values computed from the theoretical expressions for S/So and
R/Ro, where Vi and v, are the frequencies corresponding to the
wavelengths of 3500 and 1050 Lk, respectively, and vy is the fre-
quency corresponding to the low~wavelength cutoff limit of the
specific filter, T(v) is the transmission of the filter, 7m is
the efficiency of the "soft" tube, n' is the efficiency of the
"hard" tube, and A(V) is the two-photon spectral distribution,
which has been carefully calculated (to within 0.5%) by Spitzer
and Greenstein (1951) as well as more recently and more accurate-
ly (to within one part in 10°) by Klarsfeld (1969).

We have chosen to present the comparison between experi-
mental and theoretical results in terms of the ratios of counting
rates rather than in terms of absolute counting rates. This
eliminates the effect of frequency-independent quantities, some
of which are‘complicated, difficult to calculate, and not very
well understood. With the improved techniques employed here,
typical values of So for the single rates were 1200 and 200 counts
per second for the "hard" and "softﬁ phototubes, respectively.
The coincidence rates were 6 counts per minute for both phototube
combinations. The chance coincidence rate was approximately

one count per minute with the two "hard" phototubes.

Table I shows that the theoretical relative coincidence
counting rates agree with the experimental relative coincidence

counting rates. On the other hand, the singles counting rates



show no such agreement since as discussed abovd thédre are other
fggggcegrof single-photon decays.

In order to test the sensitivity of the experiment to the
spectral distribution of the two-photon emission, the ratios S/'So
and R/Ro have also been calculated using five other spectral dis-
tribution functions A(v). The simplest test spectrum to consider
is a uniform spectral distribution. This distribution, denoted as
Aflat(v), is independent of frequency and has the form Aflat(v) =1
for 0 < v < v,- The second test spectrum A(v3) is defined as pro-
poitional to the cube of‘the product of the frequencies of the two
photons, i.e., A(v3) «,v3(v°- v)3. Such a distribution results
' from considering only the phase space factor in the theoretically

predicted two-photon spectral distribution, A s and

normal(V)
neglecting the matrix element factor. The third test spectrum to

be considered, the reverse spectrum, is obtained by reflecting the
theoretically predicted spectrum about v°/4 for 0 < v < vo/z and

about 3v°/4 for vo/zlg v £ v,- Therefore, A (v) =

reverse

A o/2) =vl for 0 < v < v /2. The final test spectra are

nor:mal“v

A (v) and A which are the theoretically predicted

singlet triplet(v)’
spectral distributions of the two-photon emission from the meta-

lS and 235 states, respectively, of the helium atom (Dalgarno,

stable 2
1968a). All of these spectral distributions are symmetric about
v°/2 and are defined as zero outside the interval 0 < v Voo The
results of these calculations are presented in Table II. The
values of R/'Ro calculated with these various spectral distributions

fall within the uncertainties of the experimental values except

for those obtained with the following filters: Suprasil in the
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case of the flat spectrum; strontium fluoride and calcium fluoride
in the case of the v3 spectrum; Suprasil in the case of the reverse
spectrum; and sapphire and Suprasil in the case of the triplet
spectrum. The values calculated using the theoretically predicted
(normal) spectrum are in good agreement with the experimental
values in all cases. | |

As discussed above, energy conservation requires that in
the two-photon decay one photonuhave a waveleﬁgth lyiﬁg betweéh 304
and 608 ﬁiand the complementary photon_have a waveiéngth greéter
than 608 A, Since the "soft" photétube is sensitive from 1050 to
3500 A, two such "soft" phototubes cannot detect a true two-photon
coincidence: To verify that indeed there are no "soft"-"soft"
coincidences, we set two "soft" phototubes at an angular separa-
tion of 120° and looked for coincidences between these two tubes.
Since cosmic rays produce a troublesome coincidence background,
we surround each phototube with a concentric cylindrical shell of
plastic scintillator which acts as an anticoincidence shield
against cosmic rays. "Soft"-"soft" coincidences are accepted but
"soft"~"soft" scintillator triple coincidences are rejected. This
procedure reduced the coincidence background from about 10 to 3
counts/min. The residual background is believed to result from
the pickup of electrical transients in the laboratory.

By collecting data for 62 hours, we established an upper
limit of 0.04 counts per minute for the "soft"-"soft" coincidence,
i.e., the rate is less than 0.04 counts per minute. This limit
was determined by the fluctuations in the chance coincidence rate

and the residual instrumental coincidence rate. To get some
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idea of the significance of this quantity, we compare it with both
the "hard"-"soft" and "hard"-"hard" coincidence rates, each of
which is typically six counts per minute. Thus we have shown that
the "soft"-"soft" coincidence rate is at least a factor of 150
smaller than the observed coincidence rates and that our observa-
tiéns are consistent with the theoretical prediction of a zero
rate for this quantity.

All of the tests that we have performed here and previously

2

S, ,~ state of\He+ de-

1/2
caYs by two-photon emission as predicted by Breit and Teller. We

(Lipeles et al., 1965) indicate that the 2

have shown that photon coincidences are observed when and‘gglz
when metastable ions are present in the ion beam, that the angular
correlation function for the coincidences agrees with the theoret-
ically expected function (l-+cosze), and that the spectrum of the
photons is consistent with the predictéd.spectrum. In making the
spectral studies, we were limited to the use of broadband filter
techniques because the éoincident counting rate was so small,
However, the spectral studies certainly show that the spectrum is
continuous and that the coincident pairs of photons do not both
lie in the spectral range from 1050 to 3500 L. We believe that
our observations firmly establish the two-photon nature of the
decay in all essential details and that the theory is reliable
and can be applied to the study of planetary nebulae and related

astrophysical phenomena.



TABLE I. Comparison of experimental and theoretical

results for the two-photon spectrum

Relative singles and coincidence rates with filters

Filter Cutoff
MgF 1130 A
caF, 1225 A
SIF, 1275 A
BaF, 1325 A

Sapphire 1425 A

Suprasil 1600 A

S/SO

Experimental

0.7128

H

0.0051

0.6633

+

0.0049

0.6451

i+

0.0051
0.6709 = 0.,0049
0.5334 = 0.0044

0.4749 %= 0.0042

T(v)n(v)A(v) dv

n{v)A(y) dv
1

vy = (3500 ),

2

0.63
0.60
0.61
0.48
0.46
0.32

R
R
o

v, = (1050 &),

R/R

o

Experimental

i
o
L

ot
wnt

* 0.14
* 0.12

* 0,12

s8/S R/R

o Q

Theoretical Theoretical

0.697 0.696
0.570 0.569
0.529 0.528
0.5045 0.5046
0.491 0.493
0.423 0.419

v
3
‘[Vl T(v)n(v)n' (v~ vIA(v) dv

V2
Jll n{vin' (v~ v)A(v) dv

V3 = (Filter Cutoff)

1T



TABLE I

I. Sensitivity of experimental results

to various spectral distributions.

EMI-EMR relative coincidence rates with filters

" R/R
Experimental " Calculated
Filter Results Results
Normal Flat - v3(vo~v)3 Reverse | He I(ZIS)b He 1(238?

MgF., 0.63 = 0.15 0.696 0.718 0.608 0.726 0.684 0.755
CaF, 0.60 = 0.15 0.569 0.600 0.448% 0.611 0.553 0,651
ScF, 0.61 = 0.16 0.528 0.561 0.400% 0.572 0.511 0.614
BaF, 0.48 * 0.14 0.5046 | 0.543 0.358 0.555 0.485 0.604
Sapphire 0.46 = 0.12 0.493 0.529 0.348 0.541 0.474 0.589%
Suprasil | 0.32 % 0.12 | 0.419 0.466% 0.253 0.480% 0.396 0.535%

a. Indicates lack of agreement between experimental and calculated values.

b. These have been scaled to correspond to the'lzsl/2 - 2251/2 transition in

He™t.

c1
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FIGURE CAPTIONS

Fig. 1. Predicted two-photon spectrum for He® on a wavelength

scale.

'Fig. 2, Observed angular distribution of two-photon decay.
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